The effect of endogenous interleukin-12 (IL-12) on the influenza virus immune response in BALB/c mice was evaluated. Following primary influenza virus infection, IL-12 mRNA and protein are detected in the lung, with live virus being required for cytokine induction. Endogenous IL-12 contributes to early NK cell-dependent gamma interferon (IFN-␥) production (days 3 and 5) but not late T-cell-dependent IFN-␥ secretion (day 7). IL-12 contributes to the inhibition of early virus replication but is not required for virus clearance. IL-12 also modestly contributes to the activation of cytotoxic T lymphocytes. Thus, in this model of experimental influenza virus infection, endogenous IL-12 contributes primarily to the early development and activation of the innate immune response.
Interleukin-12 (IL-12) is a 70-kDa heterodimeric cytokine composed of a 40-kDa heavy chain (p40) and a 35-kDa light chain (p35) (27, 53) . IL-12 is produced by monocytes, macrophages, B cells, and dendritic cells primarily in response to bacteria, bacterial products, and intracellular parasites. IL-12 p40, as a monomer or homodimer, is secreted up to a thousandfold excess of the biologically active p70 heterodimer (9) . The purpose for the excess secretion of IL-12 p40 is unclear, but recent reports have indicated that p40 homodimers can bind to the IL-12 receptor and inhibit the biological activities of IL-12 in human cells with low efficiency (28) and in mouse cells with much higher efficiency than in human cells (14, 33) .
IL-12 is a strong inducer of gamma interferon (IFN-␥) alone or in synergy with other inducers, such as IL-2, phorbol diesters, and anti-CD3 antibodies (7, 27) . Other biological activities include enhancement of proliferation (27, 40) and cytotoxicity of activated T and natural killer (NK) cells (27, 43) . IL-12 has also been shown to be important in the development of type 1 T helper cells (19, 30, 31) .
The correlation between IL-12 production or treatment and virus pathogenesis is still poorly understood, and relatively few published studies have addressed the antiviral activity of Although the role of IL-12 in viral infections remains to be defined, its immunomodulatory properties may be important in initiating and/or maintaining an antiviral immune response. Based on evidence that IL-12 may be prominently involved in the host response in an infectious disease state, several investigators have begun to explore the role of IL-12 in viral infections.
The earliest indication that IL-12 might be involved in virus infections was a study in which IL-12 p40 mRNA expression had been determined in several viral infections in vivo including those by lactate dehydrogenase-elevating virus, mouse hepatitis virus, mouse adenovirus, and lymphocytic choriomeningitis virus (8) . Herpes simplex virus (HSV) infection in the cornea was shown to induce IL-12 p40 mRNA expression and p40 protein in the cornea and draining lymph nodes within 24 h of infection (26) . UV-inactivated virus induced IL-12 p40 mRNA and protein in the cornea, albeit at significantly lower levels than in live virus-infected mice. Culture of corneal cells from naïve mice that had been exposed to HSV in vitro did not result in the induction of IL-12 p40 mRNA. Thus, the cellular source of IL-12 is believed to be infiltrating cells, such as Langerhans cells (16) , dendritic cells (26) , and neutrophils (17) , that have undergone an abortive HSV infection. IL-12 is not detectable during lymphocytic choriomeningitis virus infection, and neutralizing IL-12 antibody has no effect on enhanced NK cell-mediated cytotoxicity in this infection (36, 38) . In contrast, murine cytomegalovirus transiently induces the production of IL-12, which is responsible for early NK cellmediated IFN-␥ production and contributes to viral clearance (35, 37) . Administration of recombinant IL-12 (rIL-12) with inactivated pseudorabies virus protects against subsequent lethal challenge with infectious virus, possibly by facilitating the induction of neutralizing immunoglobulin G2a (IgG2a) antibodies (45) . This effect of IL-12 is at least in part dependent on IFN-␥, as the protective effect of IL-12 is largely abrogated in IFN-␥-receptor knockout (IFN-␥ R Ϫ/Ϫ ) mice and administration of IFN-␥ in wild-type mice mimics IL-12 activity. An IFN-␥-dependent mechanism is also responsible for the prophylactic effects of IL-12 in lethal encephalomyocarditis virus infection (39) . Mice injected with IL-12 prior to infection with a lethal dose of encephalomyocarditis virus survive. However, IL-12 is unable to provide protection in IFN-␥ R Ϫ/Ϫ mice. Thus, IL-12 modulates the immune response during pseudorabies and encephalomyocarditis virus infections through the production of IFN-␥.
Recent studies suggest that IL-12 promotes host recovery during a viral respiratory infection (48) . BALB/c mice immunized with inactivated respiratory syncytial virus and rIL-12 have significantly reduced virus titer in lungs following virus challenge. Protection may be related to the production of neutralizing IgG2a antibodies. IL-12 also serves as an adjuvant during vaccination against vesicular stomatitis virus and enhances recovery following virus challenge (4) .
In the present study, we analyzed IL-12 induction and involvement in the immune response to influenza virus infection. The immune response to respiratory infection in mice with influenza virus is particularly well characterized and offers a superb model for analyzing the role of IL-12 in the antiviral immune response. Following virus entry and infection in the lung, many cytokines are produced, including IFN-␣, IFN-␥, tumor necrosis factor alpha (TNF-␣), IL-6, granulocyte-mac-rophage colony-stimulating factor, and IL-1␣ and IL-1␤ (18) . These cytokines contribute to the activation of virus-specific CD8 ϩ T cells (1, 10, 29, 49) in the regional mediastinal lymph nodes which then travel via lymph to the lung and lyse virusinfected type 1 alveolar epithelial cells (10) . Although cellmediated immunity may be critical for virus clearance during a primary infection (1, 3) , secondary infections are controlled by the production of neutralizing antibodies (2, 20, 21, (23) (24) (25) 42) . In the present study, we examine the role of endogenous IL-12 in the immune response to primary influenza virus infection in the lung by evaluating cytokine production and generation of cytotoxic T cells (CTLs). In the first few days of infection, IL-12 is produced and contributes to the early IFN-␥ production, partially derived from NK cells. Although this early response is important for the resistance to virus infection, as shown by high viral titer when endogenous IL-12 is neutralized, the subsequent production of cytokines and CTL activity later in the infection is independent of endogenous IL-12.
Murine IL-12 p70 was measured in the BAL fluid by a modification of the antibody capture assay (12) with 2D6 cells (32) (kindly provided by Hiromi Fujiwara, Osaka, Japan) as indicator cells. Briefly, 96-well flat-bottom plates (Linbro, Aurora, Ohio) were coated overnight at 4°C with 15 g each of C15.1 (rat IgG1) and C15.6 (rat IgG1) anti-murine IL-12 p40 monoclonal antibodies per ml in carbonate-bicarbonate buffer, pH 9.5. The plates were washed three times with sterile EF-PBS and blocked with 1% bovine serum albumin (BSA) diluted in EF-PBS for 1 h at 37°C. After the plates were washed, 100 l of BAL fluid samples or murine rIL-12 standard dilutions were added to the wells (in triplicate), and the plates were incubated overnight at 4°C. After the plates were washed three times with sterile EF-PBS, 10 5 2D6 cells were added per well. Following an overnight incubation at 37°C, the cells were labeled with 1 Ci of [ 3 H]thymidine (ICN, Costa Mesa, Calif.) per well for 16 h at 37°C and 5% CO 2 . The cells were harvested onto glass fiber filter paper, and incorporation of [ 3 H]thymidine into cells was measured by a beta scintillation counter (Packard, Meriden, Conn.). Sample counts were compared against the standard curve, and IL-12 p70 concentrations were expressed as picograms per milliliter. The assay had a sensitivity of Յ3 pg/ml.
Analysis of IL-12 p40 mRNA. Lung tissue not utilized for collection of BAL fluid was homogenized in a sterile Pyrex glass tissue grinder (Fisher Scientific, Fair Lawn, N.J.) containing Ultraspec (Biotex, Houston, Tex.) to extract total RNA for RNase protection assay. Twenty micrograms of sample RNA was assayed for p40 mRNA with a murine p40 riboprobe containing the sequence between nucleotide positions 35 and 280 of the published murine p40 cDNA sequence (46) . It was cloned into the PCR II/TA cloning vector (Invitrogen, San Diego, Calif.). For RNase protection, it was linearized with EcoRI and the antisense riboprobe was transcribed with T7 RNA polymerase (Promega, Madison, Wis.). The transcript was 275 bases long, and the protected RNA was 245 bases. Each RNA sample was also simultaneously assayed for cyclophilin (Amersham, Arlington Heights, Ill.) as an internal control for equal RNA usage. The p40 signal from each sample was corrected against the internal control. Quantitation of the p40 mRNA content in each sample was achieved by comparing the signal strength to that of a ribroprobe standard curve with known amounts of RNA subjected to the same treatment as the RNA samples.
Analysis of viral titer. Lungs were aseptically removed from animals at various intervals after infection, rinsed in sterile PBS, and stored at Ϫ70°C until assay. At the time of assay, individual lungs were disrupted with Dounce homogenizers in 2 ml of ice-cold PBS containing 0.1% BSA. The extracts were centrifuged for 10 min at 750 ϫ g to pellet cell debris, and the supernatants were diluted serially 10-fold in Iscove's medium-BSA (Isc-BSA). A total of 100 l of a freshly trypsinized suspension of 5 ϫ 10 5 MDCK cells per ml in Iscove's modified Dulbecco's medium-0.01% BSA (Isc-BSA; Gibco BRL, Grand Island, N.Y.) was added to wells of flat-bottomed 96-well microtiter plates and followed by addition of 50 l of lung extract dilutions to six replicate wells. The cultures were incubated overnight at 37°C in humidified air-5% CO 2 . A total of 50 l of trypsin (2.5% trypsin; Whittaker Bioproducts, Inc., Walkersville, Md.: freshly diluted 1/750 in Isc-BSA) was then added to each well, and the cultures were further incubated as described above. After 3 days of incubation, the culture supernatants were tested for the presence of viral hemagglutinin activity by mixing 25 l of supernatant with 25 l of a 1% suspension of chicken erythrocytes. Lung virus titers are expressed as dilutions of lung extract at which 50% of the MDCK cultures revealed virus growth (44) .
In vivo depletion of NK cells. PR8-infected BALB/c mice were injected i.p. on days Ϫ1, 2, and 5 postinfection with either ␣AsGM1 diluted 1:10 in PBS, 200 l i.p. (Wako Chemicals), or normal rabbit serum (Cedar Lane), and BAL samples were collected on days 5 and 7 postinfection for cytokine analysis. To determine if the dose of ␣AsGM1 was effective in neutralizing NK cells, noninfected mice treated with ␣AsGM1 or rabbit serum were injected i.p. with 100 g of poly(I-C) (Sigma) 18 h prior to spleen removal and splenocyte NK cell activity was measured by 51 Cr release with the NK cell-sensitive YAC-1 cell line (American Type Culture Collection, Rockville, Md.) as target.
Cell-mediated cytotoxicity assay. Two million splenocytes, isolated from 10-day virus-infected mice, were cultured for 4 days with 10 6 syngeneic irradiated (50 Gy) splenocytes from normal mice infected with PR8 in vitro. Cytotoxic activity was determined with 51 Cr-labeled P815 target cells that had been infected with PR8 virus (5,000 HAU/10 6 cells) in vitro overnight at 37°C. Cultured cells were incubated with targets in 96-well round-bottom microtiter plates (Costar, Cambridge, Mass.) for 4 h at 37°C and 5% CO 2 . The assay was performed with triplicate samples with four different effector/target cell ratios. Following incubation, 50 l of cell-free supernatant was removed from each well for gamma scintillation counting. The percentage of specific activity was calculated as follows: counts per minute (cpm) experimental Ϫ cpm spontaneous cpm total Ϫ cpm spontaneous ϫ 100
Statistical analysis. Statistical significance was determined by Student's t test.
RESULTS
IL-12 p40 mRNA expression in the lungs of PR8-infected mice. Lung tissue from BALB/c mice, infected intranasally with a sublethal dose (1 HAU/ml) of PR8 virus, was collected daily for 6 days and lung tissue from mock-infected mice was collected daily for 3 days to test for the presence of IL-12 p40 mRNA by RNase protection assay. There was minimal detectable p40 mRNA during the initial 24 h of infection (Fig. 1) . However, by 48 h postinfection, the PR8-infected mice had significantly more IL-12 p40 mRNA in their lungs than did control mice. The IL-12 p40 mRNA concentration remained elevated up to day 4 postinfection and decreased over the next 2 days.
Cytokine production in the lung. Mice infected with PR8 virus were sacrificed on days 1, 3, 5, and 7 postinfection, and the lungs were lavaged three times with 1 ml of EF RPMI 8866 medium. The BAL fluid samples were individually assayed for IL-12 p40 by RIA ( Fig. 2A) . Mock-infected mice were given an equivalent amount of noninfectious allantoic fluid intranasally. The concentrations of IL-12 p40 and p70 in the BAL fluid of mock-infected mice remained low during the entire collection period. IL-12 p40 and p70 were very low or not detectable in the initial 24 h of virus infection, consistent with the lack of p40 mRNA in the lungs 24 h postinfection. But by day 3 postinfection, over 1 ng of IL-12 p40 per ml was produced, and peak levels were reached on day 5 with almost 4 ng/ml present in the BAL fluid of virus-infected mice. The biologically active p70 heterodimer was assayed by antibody capture biological assay. There was an increase in IL-12 p70, with maximal levels at day 3 after infection, 2 days earlier than the peak levels of IL-12 p40 (Fig. 2B) .
BAL fluids collected on days 1, 3, 5, and 7 postinfection were also analyzed for the presence of IFN-␥ by RIA and for TNF-␣ by ELISA. Virus infection induced TNF-␣ production by day 3 postinfection, with a rapid decline thereafter (Fig. 2C) . IFN-␥ was significantly detectable in virus-infected mice compared to mock-infected mice as early as day 3 postinfection, reached peak levels at day 7 (Fig. 2D) , and was very low by day 9 postinfection (data not shown).
Productive virus infection is required for cytokine induction. The observation that there is a delay in IL-12 production following intranasal infection with PR8 suggests that the presence of viral antigen is not enough to induce the release of IL-12 and that, rather, active virus replication may be required. To determine if live virus is required for induction of IL-12 production, a total of six mice were given 20 l of 10 6 HAU of UV-irradiated purified PR8 virus per ml intranasally and BAL fluid was collected every 24 h for 3 days. Data in Fig. 3 show the concentrations of cytokines in BAL fluids collected from six mice on day 3. The concentration of IL-12 p40 (Fig. 3A) was less than 200 pg/ml in mice infected with UV-treated virus and was comparable to that of the mock-infected mice. This is in sharp contrast to the more than 2 ng of IL-12 p40 per ml measured in live virus-infected mice. Thus, active virus replication appears to be required for IL-12 production. Production of cytokines, such as TNF-␣ (Fig. 3B) and IFN-␥ (Fig. 3C) , during influenza virus infection also requires live replicating virus; however, a high dose of UV-irradiated PR8 virus transiently induced a detectable level of TNF-␣ that quickly returned to baseline at 48 h postinoculation (data not shown). IFN-␣ was detected in the BAL fluid of UV-inactivated virus, although at concentrations two to four times lower than that found in BAL fluid from mice infected with live virus (data not shown).
IL-12-dependent and -independent IFN-␥ production.
Because IL-12 is a potent inducer of IFN-␥, we determined if endogenous IL-12 plays a role in the production of IFN-␥. A total of 45 mice (three mice per group per experiment) in five separate experiments were injected i.p. with 100 ng of IL-12-neutralizing antibody on day Ϫ1 of infection and, every 3 days thereafter, received two additional injections. Control mice were injected with normal rat Igs. On days 3 and 5 postinfection, IL-12-neutralizing antibody significantly reduced, although it did not completely eliminate, IFN-␥ production (Fig.  4) . However, on day 7 there was no difference in IFN-␥ production between anti-IL-12 antibody-treated virus-infected mice and control antibody-treated infected mice. The in vivo bioactivity of the neutralizing antibody for the duration of the experiment was confirmed by the inability to detect IL-12 p40 in PR8-infected mice treated with anti-IL-12 antibody (data not shown). Thus, there appears to be a dichotomy in IFN-␥ production, in that early secretion in the lung is partly IL-12 dependent but that, by day 7 of infection, IFN-␥ is IL-12 independent.
IFN-␥ is produced primarily by T cells and NK cells (50) . To determine if NK cells are involved in IFN-␥ production during primary influenza virus infection, a total of 18 mice (three separate experiments) were injected i.p. with ␣AsGM1 antibody on day Ϫ1 and, every 3 days thereafter, received two additional injections. Control mice were injected with normal rabbit serum. BAL fluid was collected on days 3 and 7, and IFN-␥ was assayed by RIA. Virus-infected mice treated with ␣AsGM1 antibody produced significantly less IFN-␥ than did virus-infected control mice on day 3 postinfection (Fig. 5) . However, by day 7 postinfection, mice in both groups produced comparable amounts of IFN-␥. The effectiveness of the or normal rat serum were injected i.p. with 100 g of poly(I-C) 18 h prior to spleen removal and splenocyte NK cell activity was measured by 51 Cr release with the NK cell-sensitive YAC-1 cell line. Values are means Ϯ standard errors of samples. ‫,ءء‬ P Ͻ 0.01. n.s., not significant by Student's t test of the comparison between groups treated with normal rabbit serum and with ␣AsGM1 serum. E:T ratio, effector/target cell ratio.
␣AsGM1 treatment in depleting NK cells was supported by the lack of killing of YAC-1 targets by splenocytes from poly(I-C)-and ␣AsGM1-treated mice in a 51 Cr release assay (Fig. 5B ). The data suggest that NK cells participate in IL-12-dependent IFN-␥ production. At day 7 of infection, T cells are likely to be the IL-12-independent IFN-␥ producers.
Effect of IL-12 on virus titer. Influenza virus shedding in the lung lasts up to 7 to 10 days after infection (1, 10) . To test whether endogenous IL-12 was affecting viral multiplication in vivo, lung tissues from PR8-infected mice treated with anti-IL-12 or the control normal rat Igs were assayed for virus titer. Treatment with anti-IL-12 on day Ϫ1 and day 2 of infection significantly increased the virus titer at day 3 postinfection compared to that for PR8-infected mice treated with control antibody (Fig. 6) . However, at days 5 and 7 postinfection, the virus titer was not significantly different between the anti-IL-12-treated and the control mice (Fig. 6) , and both groups cleared the virus completely by day 9 postinfection (data not shown).
IL-12 and virus-specific cell-mediated cytotoxicity. To determine the effect of endogenous IL-12 on virus-specific cellmediated immunity, we measured the virus-specific CTL activity in virus-infected mice treated with IL-12-neutralizing antibody (Fig. 7) . Splenic leukocytes from day 10 infected mice treated with anti-IL-12 were assayed for the ability to kill PR8-infected P815 target cells by a standard 51 Cr release assay. Blocking endogenous IL-12 resulted in a modest (twofold) but statistically significant decrease in CTL activity in virus-infected mice compared to that in infected mice treated with an irrelevant antibody (Fig. 7) . The data suggest that endogenous IL-12 contributes to the activation of virus-specific CTLs and that the loss of IL-12 can result in a less vigorous cell-mediated immune response.
DISCUSSION
Because IL-12 is centrally involved in many bacterial and parasitic immune responses, we wanted to determine if IL-12 was important for the development and maintenance of an antiviral immune response. Several investigators have focused on the effect of IL-12 treatment on the antiviral immune response (5, 13, 36-39, 45, 48) in the mouse experimental system and have found IL-12 to be protective and to mediate its effect through the production of IFN-␥. However, there are only a few published reports of endogenous IL-12 protein production in a murine virus infection (26, 37) . Because the in vitro and in vivo characteristics of IL-12 suggest that it may be a key factor in the regulation of the host immune response against virus infection, we were interested in determining what function IL-12 may play in influenza virus-specific immunity and have utilized the murine influenza virus infection model to address this issue. The murine influenza virus infection model is very well characterized, and much is known about the cellular and humoral immune response that develops during influenza virus infection. However, less is known about the cytokines involved in generating inflammation at the site of infection. This is especially true for the early phase of the infection, prior to the appearance of CTLs. Our goal was to better define this cascade of events by studying the effect of endogenous IL-12 on the development and maintenance of the anti-influenza virus immune response.
We have observed IL-12 p40 mRNA expression in the lungs 48 h after intranasal influenza virus infection and detected both p40 and p70 proteins in the BAL fluids of BALB/c mice at day 3 postinfection. Because monocytes and macrophages are the major producer cells for IL-12, it is likely that the sources of IL-12 in the lung are activated resident alveolar macrophages and monocytes that infiltrate the lung during infection. IL-12 p70 continues to be produced in the lung through day 5, although the biologically inactive p40 is still detectable in the BAL fluid at day 7 postinfection. The significance of the prolonged secretion of p40 is unclear, although some studies have indicated that the p40 homodimer may act in an inhibitory manner to block binding of p70 to the IL-12 receptor (14) .
In order to explore IL-12 induction during influenza virus infection, we asked whether live replicating virus was an important factor. BALB/c mice infected with UV-inactivated influenza virus produced neither IL-12 nor TNF-␣ at 3 days postinoculation in the lung, although a short burst of TNF-␣ production was seen at 24 h postinoculation. However, IFN-␣, a cytokine which has been reported to be released upon stimulation with UV-inactivated noninfectious virus (41), was produced upon inoculation of UV-irradiated virus, although at lower levels than in infected animals. There is no clear explanation as to why production of IL-12 and TNF-␣ requires live virus. Both cytokines are produced in monocytes and macrophages, and it is likely that IL-12 and TNF-␣ are released from the same producer cells. Virus replication may trigger release of factors that activate gene transcription, increase mRNA stability, or activate the translation processes. Nain et al. (34) have suggested that inhibition of transcriptional repressors, synthesis of viral gene products, or location of those products within the cytoplasm may induce cytokine production.
To determine if secretion of IL-12 translates into an active role in the influenza immune response, a number of biological activities were examined, namely, cytokine induction, virus clearance, and cytolytic responses. Influenza virus infection induces a cascade of cytokine mRNA (6) and proteins (18) in the lungs and mediastinal lymph nodes, including IL-1␣/␤, IL-2, IL-4, IL-5, IL-6, IL-10, IFN-␥, TNF-␣, granulocyte-macrophage colony-stimulating factor, granulocyte colony-stimulating factor, macrophage colony-stimulating factor, leukotriene B, and, based on this study, IL-12.
IFNs in general and IFN-␥ in particular have been shown to be especially important in regulating the influenza immune response through numerous biological activities, such as inhibition of virus replication via induction of enzymes that block replicative machinery (22) , activation of alveolar macrophages (51) , and increased expression of major histocompatibility complex class II and adhesion molecules on antigen-presenting cells (11, 54) , and their role in the development of CTLs in vitro (52, 56) . To determine a functional role for IL-12 in influenza virus infection, its effect on IFN-␥ induction was examined. Following infection of BALB/c mice with PR8 virus, IFN-␥ was produced in the lung within 3 days of infection and continued through day 7. Treatment with IL-12-neutralizing antibody significantly blocked IFN-␥ production during the first 5 days of infection. However, after 5 days of infection, IL-12 was no longer required for IFN-␥ production, which markedly increased on day 7 postinfection. These data are suggestive of an IL-12-dependent and IL-12-independent source of IFN-␥ during influenza virus infection. There are two possible mechanisms to explain this dichotomy in IFN-␥ production. (i) There may be a population of cells that initially produce IFN-␥ in response to IL-12 but later in the infection lose the ability to respond to IL-12, through downregulation of the IL-12 receptor or via a disruption in the IL-12 receptor signaling pathway during virus infection, or (ii) there are two separate IFN-␥-producing populations; one is responsive to IL-12 and the other is not. IL-12-dependent and -independent IFN-␥ production has also been described for murine cytomegalovirus infection (35) (36) (37) , where IL-12 is responsible for early (day 3) NK cell-mediated IFN-␥ production but not late (day 7) T-cell-mediated IFN-␥ production. During influenza virus infection, the local population of NK cells contributes to early pulmonary immunity (47) . These cells may become activated following release of IL-12 from alveolar macrophages and monocytes and become one of the sources of early IL-12-dependent IFN-␥ production. However, by day 7 postinfection, virus-specific T cells that have migrated into the lower respiratory tract from the regional mediastinal lymph nodes are killing virus-infected cells as well as releasing IFN-␥ to inhibit further virus replication (10) . By this time, IL-12 is no longer being released into the pulmonary milieu and the virus-specific effector cells do not require IL-12 for IFN-␥ production. Therefore, a possible explanation for the IL-12-dependent and -independent IFN-␥ production is that IFN-␥ produced early in the virus infection comes from NK cells and possibly T cells stimulated with endogenous IL-12. However, during the later stages of virus infection IFN-␥ is being produced by antigenspecific T cells that do not require IL-12. This was further confirmed by showing that IFN-␥ was significantly decreased on day 3 postinfection in the BAL fluid from ␣AsGM1 antibody-treated mice compared to that in BAL fluid from virusinfected mice treated with irrelevant antibody. However, by day 7 postinfection, there was no difference in IFN-␥ production between treatment groups.
Virus-specific CD4 ϩ and CD8 ϩ CTLs mediate their antiviral protective effects in vivo by direct cytolysis of virus-infected cells (15, 29) . To determine the mechanism by which endogenous IL-12 may be affecting early virus immunity, the effect of IL-12 on the virus-specific cell-mediated immune response was examined. There was a modest but significant decrease in the major histocompatibility complex-restricted cytolytic activity of splenic leukocytes from anti-IL-12-treated mice compared to that for control mice. Thus, endogenous IL-12 is helpful in developing and maintaining an influenza virus-specific T-cellmediated immune response, although its effect appears modest and not essential for efficient antiviral immunity.
Based on our observations, IL-12 appears to be important primarily in early activation of the immune response during primary influenza virus infection through (i) the early induction of IFN-␥, (ii) the inhibition of early virus replication, and (iii) the contribution to the activation of CTLs. However, as the immune response progresses and becomes antigen driven, IL-12 is no longer required in the pulmonary environment for mechanisms instrumental in mediating virus clearance, namely, activation of effector T cells and secretion of neutralizing antibodies. As a result, infected BALB/c mice are able to recover from influenza virus infection in the absence of IL-12.
